In order to understand the role of hole doping on electronic structure, phase stability and magnetic properties of LaCoO 3 generalized-gradient-corrected, relativistic first-principles full-potential density functional calculations have been performed for La 1Ϫx Sr x CoO 3 as a function of x, using the supercell approach as well as the virtual crystal approximation ͑VCA͒. It has been shown that the rhombohedral distortion is stabilizing the nonmagnetic ͑i.e., diamagnetic or paramagnetic͒ ground state in LaCoO 3 . Spin-polarized calculation on the hypothetical cubic perovskite phase of LaCoO 3 shows that the ferromagnetic phase is lower in energy than the corresponding nonmagnetic phase. The analysis of the electronic structures show that a Peierls-Jahn-Teller-like instability arises in the ferromagnetic cubic phase and leads to the rhombohedral distortion in LaCoO 3 . The calculated magnetic moment for La 1Ϫx Sr x CoO 3 as a function of Sr substitution is found to be in very good agreement with recent neutron scattering measurements. We have successfully explained the hole-doping induced, nonmagnetic-to-ferromagnetic transition as well as the rhombohedral-to-cubic structural transition as a function of Sr substitution in La 1Ϫx Sr x CoO 3 . Due to the failure of the density functional theory to predict the semiconducting nature of LaCoO 3 , we are unable to explain the experimentally observed semiconductor-tometal transition in LaCoO 3 by Sr substitution. The origin of the ferromagnetism in La 1Ϫx Sr x CoO 3 has been explained through itinerant-band ferromagnetism. ͓S0163-1829͑99͒14047-5͔
I. INTRODUCTION
In recent years the number of experimental as well as theoretical studies on the perovskite 3d transition metal oxides of ABO 3 type have increased by the discovery of high-T c superconductivity in perovskite cuprates 1 and the observation of a colossal negative magnetoresistance near room temperature in perovskitelike La-Ba-Mn-O films. 2 Depending on the transition metal ion, perovskites exhibit either localized or collective behavior of the d electrons. Also depending upon the valence of the A cation, the valence of the transition metal ion changes and this leads to unusual magnetic and electronic properties.
Lanthanum cobalt oxide (LaCoO 3 ) has attracted much attention in the past because it shows fascinating changes in the electronic and magnetic properties as a function of temperature and/or divalent substitution. It is a charge-transfertype insulator in which the charge gap is formed between the occupied O 2p and the unoccupied Co 3d e g band. 3 However, studies by soft-x-ray absorption ͑XAS͒ ͑Ref. 4͒ and electron spectroscopies, 5 have revealed that LaCoO 3 is in the highly mixed character region between Mott-Hubbard and charge-transfer insulators. The crystal field splitting ⌬ c f is almost equal to the exchange energy ⌬ ex and this causes spin-state transition 4, [6] [7] [8] [9] [10] as well as electrical and magnetic phase transformations 6, 7, [11] [12] [13] [14] in LaCoO 3 as a function of temperature and/or hole doping. One of the most interesting properties of this oxide is its unusual temperature-dependent magnetic susceptibility. Co 3ϩ ions take nominally the 3d 6 configuration and will have nonmagnetic ͑i.e., diamagnetic or paramagnetic͒ low spin ͑LS͒ state (t 2g 6 e g 0 ; Sϭ0) due to a crystal field splitting (10Dq) slightly larger than the Hund's rule coupling. 11 But, LaCoO 3 exhibits an abrupt increase of magnetic susceptibility around 50-100 K which thereafter decreases following the Curie-Weiss law. 7, 15 This anomalous behavior has been interpreted as a transition from the LS, nonmagnetic (Sϭ0) state to thermally excited high-spin ͑HS͒ magnetic (t 2g 4 e g 2 ; Sϭ2) state with a spin-gap energy of 0.01Ϫ0.08 eV. [4] [5] [6] [7] [8] [9] 11, [15] [16] [17] [18] [19] [20] With a further increase of temperature, the electrical conduction of LaCoO 3 shows a crossover around 500 K from thermally activated semiconduction to metallic conduction (Ϸ1.10 Ϫ3 ⍀ cm). 16 Recent neutron-scattering measurements show that this nonmetal-tometal crossover behavior has no magnetic origin.
that the semiconductor-to-metal transition takes place around xϭ0.3 in La 1Ϫx Sr x CoO 3 without any abrupt change in the resistivity. The transport measurements by Bhide et al. 22 show that the semiconductor-to-metal transition takes place around xϷ0.125 and spectroscopic measurements indicate that the transition is at xϷ0.2. 5 Recent electrical conductivity measurements 23 show that the transition takes place in La 1Ϫx Sr x CoO 3 at xϷ0.25 around room temperature. Moreover, the rhombohedral distortion decreases with increasing Sr concentration and the rhombohedral-to-cubic structural transition takes place around the composition La 0.5 Sr 0.5 CoO 3 . Furthermore, La 1Ϫx Sr x CoO 3 has also been extensively investigated to understand the role of hole doping on the spin-state transition and magnetic properties of LaCoO 3 . 18, 19, 22, [24] [25] [26] Since the hole-doping-induced electronic structure change is equivalent to temperature-induced change, it is interesting to study the electronic structure of LaCoO 3 as a function of Sr doping to understand the microscopic origin of the temperature-induced anomalous behavior. This is one of the motivations for the present investigation.
In the past the magnetism in La 1Ϫx Sr x CoO 3 has been explained by Anderson 25 (0.5рx р1) the magnetic properties of Sr substituted LaCoO 3 has been explained through superexchange interaction between cobalt ions via oxygen. To explain the composition dependent magnetic properties of La 1Ϫx Sr x CoO 3 , Goodenough 29 assumed that the covalent mixing between the transition metal 3d orbitals and the oxygen 2p orbitals may enhance the superexchange interaction and break down the conditions for localized d electrons. Bhide et al. 22 measured the temperature dependence of Mössbauer spectra for the ferromagnetic region of La 1Ϫx Sr x CoO 3 (0рxр0.5) and concluded that the 3d holes created by the Sr-ion substitution are itinerant both above and below Curie temperature (T c ) and all the experimental data are explained on the basis of itinerantelectron ferromagnetism. Recently Golovanov et al. 30 made dc resistivity, magnetoresistance and magnetic susceptibility studies for La 1Ϫx Sr x CoO 3 (0.05рxр0.25) as a function of temperature as well as magnetic field and the results were interpreted in terms of Zener's 28 double-exchange mechanism. The conventional itinerant-electron ferromagnets such as Fe, Co, or Ni have charge carriers which are mainly of s character while the magnetism arises from the d electrons. However, in the itinerant-electron ferromagnetic oxides, the d electrons have to possess simultaneously charge as well as spin character. 31 Hence the understanding of the origin of the itinerant electron behavior and ferromagnetism in La 1Ϫx Sr x CoO 3 would be of fundamental importance.
From the resonance photoemission spectra combined with configuration-interaction cluster model calculations Saitoh et al. 32 CoO 3 , no systematic theoretical attempt has yet been made to understand microscopically the origin of the magnetic properties of LaCoO 3 by hole doping and this also motivated the present study. The studies on these compounds are not only of fundamental interest, but also have technological significance. La 1Ϫx Sr x CoO 3 (xϭ0Ϫ0.6) is a well known ionic conductor that has large diffusion coefficients for O 2Ϫ as compared with other metal oxides. 33, 34 As the strontium doped lanthanum cobaltites also possess high electrical conductivity, these are promising cathod materials for use in solid oxide fuel cells 35, 36 and for oxygen permeable membranes. 37 These compounds have furthermore high catalytic activity for the oxidation of CO, hydrocarbons, and alcohols 38 and the elimination of NO. 39 Fairly large magnetoresistance has recently been observed for La 1Ϫx A x CoO 3 (AϭCa, Sr, or Ba͒ in bulk 40 as well as in thin films. 41 The rest of this paper is organized in the following way. In Sec. II we give details about the crystal structure of La 1Ϫx Sr x CoO 3 . In Sec. III, we explain the computational method used in the present calculations. In Sec. IV, we discuss the electronic structure and magnetic properties of LaCoO 3 as a function of Sr substitution. The calculated results are furthermore compared with the available experimental results. Finally in Sec. V the findings in the present study are summarized.
II. STRUCTURAL ASPECTS
LaCoO 3 has a rhombohedrally distorted pseudo-cubic perovskite structure. The space group is R3 c and each unit cell contains two formula units. With respect to the cubic structure, the O atoms are twisted around the crystallographic ͓111͔ making the symmetry trigonal D 3d 6 . Figure octahedron is slightly compressed along the hexagonal c axis. The displacements of the oxygen atoms with respect to the ideal cubic structure are represented by the dotted circles and specified with the distortion parameter ␦x in Fig. 1 .
When the ͑Goldschmidt͒ tolerance factor tϭd A-O / ͱ2d B-O is less than unity in the ABO 3 -type perovskites, a cooperative rotation of the corner-shared BO 6 octahedra about ͓111͔ reduces the symmetry from cubic to rhombohedral. The regular octahedra are topologically able to rotate without distortion around their threefold axes. The magnitude of the rotation can be evaluated from either the angle ␣ of the rhombohedral unit cell shown in Fig. 1 ␦x decreases from 0.052 for xϭ0 to 0.014 for xϭ0.5. The rhombohedral angle also decreases with increasing x; for x ϭ0 it is 60.79°and is reduced to 60.27°for xϭ0.5. The cubic phase may be viewed as a special case of the rhombohedral structure with ␦xϭ0 and ␣ϭ60°as shown in Fig. 1 .
As the ionic radius of the Sr ion is larger than that of the La ion, the unit cell effectively expands when La is replaced by Sr in La 1Ϫx Sr x CoO 3 . Thereby the tolerance factor will increase and this leads to the rhombohedral-to-cubic structural transition.
SrCoO 3 is a ferromagnet with a Curie temperature of 222 K and stabilizes in the cubic perovskite structure. The Co ions are octahedrally coordinated with oxygen ions, while the Sr ions are twelvefold coordinated with oxygens along ͗110͘. High Sr 2ϩ substitution levels tend to induce oxygen deficiency. For SrCoO 3 without oxygen deficiency the lattice parameter is determined to be aϭ3.836 Å from extrapolation of the experimental 25 relation between oxygen content and lattice parameter. The structural data for the rhombohedral structure of La 1Ϫx Sr x CoO 3 (xϭ0Ϫ0.5) are taken from a recent neutron diffraction study, 43 whereas, data for the cubic composition range (0.5Ͻxр1) are taken from Ref. 25 . The structural parameters for the cubic and rhombohedral phases of La 1Ϫx Sr x CoO 3 used in the present calculations are given in Table I .
III. COMPUTATIONAL DETAILS
The full-potential LMTO calculations 44 presented in this paper are all electron and no shape approximation to the charge density or potential has been used. The base geometry in this computational method consists of a muffin-tin part and an interstitial part. The basis set is comprised of augmented linear muffin-tin orbitals. 45 Inside the muffin-tin spheres the basis functions, charge density, and potential are expanded in symmetry adapted spherical harmonic functions together with a radial function and a Fourier series in the interstitial. In the present calculations the spherical-harmonic expansion of the charge density, potential, and basis functions were carried out up to l max ϭ6. The tails of the basis functions outside their parent spheres are linear combinations of Hankel or Neumann functions depending on the sign of the kinetic energy of the basis function in the interstitial region. For the core charge density, the Dirac equation is solved self-consistently, i.e., no frozen core approximation is used. The calculations are based on the generalized-gradientcorrected density functional theory as proposed by Perdew and Wang. 46 In the calculation of the radial functions inside the muffin-tin spheres, all scalar-relativistic terms are included, with the small component vanishing at the sphere boundary. The spin-orbit ͑SO͒ term is included directly in the Hamiltonian matrix elements for the part inside the muffin-tin spheres, thus doubling the size of the secular matrix for a spin-polarized calculation. Moreover, the present calculations make use of a so-called multibasis, to ensure a well converged wave function. This means that we use different Hankel or Neuman functions each attaching to its own radial function. We thus have two 6s, two 5p, two 6p, two 5d, and two 4 f orbitals for La, two 4s, two 5p, and three 3d orbitals for Co, two 2s, three 2p, and two 3d orbitals for O, two 5s, two 4p, two 5p, and two 4d for Sr in our expansion of the wave function. In the method used here, bases corresponding to multiple principal quantum numbers are contained within a single, fully hybridizing basis set. The direction of the moment is chosen to be in ͑001͒ direction. The calculations were performed for the cubic perovskite structure as well as the rhombohedral R3 c structure. The k-space integration was performed using the special point method with 84 k points in the irreducible part of the first Brillouin zone for the cubic perovskite structure and the same density of k points were used for the rhombohedral structure in the supercell as well as the virtual-crystal-approximation ͑VCA͒ calculations. All the calculations were done using the experimental structural parameters mentioned in Sec. II for both the nonmagnetic as well as the spin-polarized case. Our VCA calculation takes into account the experimentally reported 43 structural parameter changes as a function of Sr substitution. Hence, the VCA calculations have taken into account the hybridization effect properly. In this approximation the true atom in the phase is replaced by an ''average'' atom which is interpolated linearly in charge between the corresponding pure atoms. So for the VCA calculations we have not properly taken into account the charge transfer effect, although the band-filling effects are accounted properly. The chosen approximation has an advantage due to its simplicity and hence we can be able to study small concentrations of Sr in LaCoO 3 . However, for 25, 50, and 75 % Sr substitution we have made explicit supercell calculations for the cubic as well as the rhombohedral structure. Using the self-consistent potentials obtained from our supercell calculations, the density of states ͑DOS͒ were calculated using the linear tetrahedron technique.
IV. RESULTS AND DISCUSSION

A. Electronic structure
For a compound with an octahedrally coordinated d 6 ion, the low-spin state (t 2g 6 e g 0 ) is more stable than the high-spin state (t 2g 4 e g 2 ) when 10Dq у2J, 10Dq being the cubic crystal field and J the intra-atomic exchange interaction. 47 The electronic structure of perovskite-type transition-metal oxides are described by the three crucial energy parameters, the bandwidth W, the Coulomb repulsive energy U, and the strength (Dq) of the ligand field. In the cubic perovskites, the octahedral ligand field produced by the O atoms surrounding each Co atom split the tenfold degenerate d levels of Co into sixfold t 2g and fourfold e g levels. The electronic structure of these materials can be understood by the schematic energy diagram proposed by Goodenough. 48 In such a picture, the e g orbitals of the Co atom form bonds with O 2p orbitals whereas t 2g orbitals form weaker bonds with O 2p orbitals. As mentioned by Arima, 49 the hybridization between Co 3d and O 2p is important to explain the electronic structure of LaCoO 3 . Because of the strong covalent hybridization of Co 3d with the neighboring O 2p states, the calculated DOS curves shown in Fig. 2 show broad features. In general a large U tends to split bands into spin-up and spin-down bands. Because of the extended electronic states the Coulomb repulsive energy would be small compared with the band width, and hence one can expect a nonmagnetic ground state in LaCoO 3 . Consistent with the above viewpoint, experimental observations as well as our calculations show that the nonmagnetic state is the ground state for LaCoO 3 .
The angular momentum and site projected DOS for LaCoO 3 are shown in Fig. 3 . From this figure it is clear that the present theory is unable to predict the semiconducting behavior of LaCoO 3 , as there is finite density of states present at the Fermi level (E F ). In general the LDA underestimate the band gap of the materials. It is interesting to note that the optical conductivity studies 16 show a spin-gap energy of ϳ30 meV and a charge-gap of ϳ0.1 eV in this material. Further, low-temperature resistivity data 7, 19, 24, 50 suggest a gap of about 0.2 eV whereas high-temperature resistivity indicates 12 a gap of 0.5 eV and electronspectroscopy measurements 5,32 a conductivity gap of 0.6 eV. As the optical conductivity measurements are more reliable, the possible reasons for the failure to predict the semiconducting behavior of LaCoO 3 by the present theory may be the small value of the charge gap, which is within the accuracy of the present type of calculations. Further, the minimum energy gap is a spin gap indicating that LaCoO 3 is not a band insulator. It should be noted that the LDAϩU method, where the Co 3d orbitals are treated localized through describing the Coulomb intrashell interactions by the Hubbard-like term and the itinerant states are treated through averaged LDA energy and potentials, gives a bandgap of ϳ2 eV ͑Refs. 51,52͒ and the Hartree-Fock calculation gives a bandgap of 3 eV. 53 Although the present theory is unable to predict the narrow bandgap behavior in LaCoO 3 , E F falls on a pseudogap separating the bonding states from the antibonding states in Fig. 2 . The present finding of metallic behavior is consistent with the previous theoretical studies. [54] [55] [56] It is interesting to note that LDAϩU as well as HF calculations give an unphysically large bandgap in this material. Our total DOS curve for LaCoO 3 in the rhombohedral nonmagnetic phase in Fig. 2 show that some parts of the e g orbitals are below the Fermi energy and mixed with the t 2g orbitals. However, experimental spectroscopic studies 5 indicate that a finite energy separation exists between the t 2g and e g states and hence the semiconducting behavior arises. Although the non-spin-polarized calculation for LaCoO 3 turns out to predict metallic behavior, the density of states at the Fermi level is very low, 1.449 states eV Ϫ1 f.u.
Ϫ1 . This probably also indicates that LaCoO 3 is close to semiconducting. However, the nonmagnetic nature of the ground state of LaCoO 3 indicates that the magnetic interactions are relatively unimportant and that the crystal field splitting is responsible for the insulating properties. Munakata et al. 57 suggested from analysis of the x-ray photoemisson spectrum that the top of the valence band ͑VB͒ should be assigned mainly to O 2p. Recently, Saitoh et al., 58 The total DOS of LaCoO 3 in the nonmagnetic rhombohedral structure given in Fig. 2͑a͒ , shows that the O 2p and Co 3d states are hybridized and forms the valence band. A broad structure appears above E F mainly originating from hybridization of the unoccupied Co e g and O 2p states. Around the top of VB a sharp peak occurs which mainly arises from the Co 3d states. Photoemission spectra obtained with decreasing incident photon energy show 32, 59 that the intensity of the peak around the top of VB decreases considerably. Since the cross section of the Co 3d states relative to that of the O 2p states becomes smaller with decreasing photon energies, this experimental fact lends support to the present finding that the features around the top of VB consist mainly of Co 3d states. From resonant photoemission studies, Taguchi et al. 25 found that the bands in VB of LaCoO 3 are located in a binding energy range of 0Ϫ9 eV and comprise apparently three peaks at 1, 3, and 5 eV and a shoulder at 7 eV. Our calculated total DOS for LaCoO 3 in the nonmagnetic rhombohedral phase ͓Fig. 2͑a͔͒ gives a VB width of ϳ8 eV and shows also three prominent peaks in the VB region with energy peaks at Ϫ0.5, Ϫ2.6, and Ϫ5.2 eV. The rhombohedral distortion is frequently not included in the attempt to explain the electronic structure of LaCoO 3 . It is interesting to note that the overall shape of DOS for LaCoO 3 is quite different for the rhombohedral and cubic structures ͓see Figs. 2͑a͒ and 2͑b͔͒. In particular, the threefold degeneracy of the t 2g states and the twofold degeneracy of e g states are partly lifted due to the reduction in symmetry.
In order to understand the changes which may occur in the electronic structure of LaCoO 3 we have considered hetrovalent Sr substitution and calculated DOS for La 1Ϫx Sr x CoO 3 as a function of x ͑Fig. 4͒ according to supercell approach with the experimental structural parameters as input. When we go from La 0.75 Sr 0.25 CoO 3 to SrCoO 3 according to this illustration, the bands get broader as a result of the increase in volume. Furthermore, due to the increased exchange splitting of the Co 3d bands ͑Fig. 4͒ on going from xϭ0.25 to 1, the magnetic moment increases almost linearly ͑Fig. 5͒. As Sr is divalent and La trivalent, removal of electrons from the CoO 3 sublattice is necessary to balance the charge deficiency introduced by the Sr substitution. Thus VB shows an upward shift towards the Fermi energy as a function of x ͑Fig. 4͒. This is consistent with experimental facts in the sense that the observed 60 ultraviolet photoemission spectra show that the nonbonding O 2p levels are shifted upwards with increasing Sr doping; ϳ0.2 eV for xϭ0.2 and ϳ0.5 eV for xϭ0.5. Moreover, VB photoemission spectra of La 1Ϫx Sr x CoO 3 show 32 that there is no rigid-band-like behavior in the VB spectrum as a result of the doping. Our calculated DOS curves also show significant changes introduced by the Sr substitution ͑Fig. 4͒. This indicates that hybridization and charge transfer effects play important roles in describing the electronic structure of La 1Ϫx Sr x CoO 3 . As mentioned earlier, our calculations show that there is a sharp peak on the low-energy side of the Fermi level in LaCoO 3 and E F falls on this peak for hole doping (xϽ0.5). This is consistent with the experimental findings in the sense that Hall coefficient measurements indicate the presence of a large Fermi surface in the conducting high-temperature phase and which is only little affected by moderate hole doping. 21 To obtain a deeper insight into the role of the hole doping on changes of the electronic structure of LaCoO 3 near the Fermi energy, N(E F ) values obtained from three different levels of approximation are shown as a function of x for La 1Ϫx Sr x CoO 3 in Fig. 6 . In the rigid-band-filling calculations we have assumed that the shape of the DOS curve will not change by the Sr substitution. Hence, we have not taken into account the effects of changes in the hybridization effect and/or charge transfer. In the VCA calculations, we have included the experimentally observed changes in the structural parameters as a function of x. Hence, the hybridization effects are properly accounted for. However, the charge transfer effect is only taken into account in an averaged way. In the time-consuming supercell calculations we have dealt with all these effects properly. Assuming that the N(E F ) values obtained from the supercell calculations are the most correct, we compare the N(E F ) results obtained according to these three different procedures in Fig. 6 . The calculated N(E F ) for the range from xϭ0 to 0.25 obtained by the VCA and rigid-band-filling calculations are mutually comparable. However, the numerical values are smaller than those obtained by the supercell calculation. This indicates that it is important to account properly for the charge transfer between Sr and its neighbors and this is lacking in both VCA and rigid-band-filling calculations. For intermediate Sr concentrations (0.4рxр0.5) N(E F ) obtained from the supercell and VCA calculations are more comparable indicating that the effect of charge transfer is less dominant. However, the large deviation in N(E F ) between VCA and the rigid-bandfilling calculation indicates that the hybridization is of importance in this composition range. Recent temperature dependent resistivity measurements 30, 61 show that the semiconductor-to-metal transition takes place at 298 K around xϷ0.18 in La 1Ϫx Sr x CoO 3 . Our calculations do not confirm this feature, since our calculations suggest a metallic character throughout the substitution range ͑vide supra͒.
B. Structural stability and chemical bonding
The effective charges evaluated from the infrared reflectivity measurements of Tajima et al. 62 suggested that La 1Ϫx Sr x CoO 3 should have a high degree of covalent chemical bonding. Several other experimental studies 4, 5, 12, 13, 54, 63 also point to the occurrence of substantial covalent interaction in LaCoO 3 . In order to identify the bonding behavior we present the calculated valence charge density from Ϫ1 eV to E F in the a plane which is equivalent to ͑110͒ plane in the cubic subcell ͓Fig. 7͑b͔͒. According to Fig. 7͑b͒ between Co and O and this gains the extra energy needed to stabilize the rhombohedral over the cubic phase. This also indicates that the appearance of the pseudogap according to our calculated DOS in the nonmagnetic rhombohedral phase of LaCoO 3 ͓Fig. 2͑a͔͒ is mainly originating from the covalent hybridization between Co and O.
A correlation exists between the location of E F on the DOS curve and the structural stability of an intermetallic compound. 64 When we increase the Sr concentration the Co 3d-like peak falls on the Fermi energy in the DOS curve and ferromagnetism arises. Also, owing to the coincidence of E F and this peak, N(E F ) increase with increasing Sr concentration ͑Fig. 6͒. For xϾ0.5, this peak moves away from the Fermi level as a result of the decreasing electron-to-atom ratio. As the stability of La 1Ϫx Sr x CoO 3 mainly originates from the covalent interaction between the Co 3d and O 2p electrons, lowering of the number of d electrons in the vicinity of the Fermi level at higher Sr concentration is expected to give rise to structural destabilization. This may be the reason for the experimentally reported 23, 24 oxygen deficiency at high Sr concentrations in La 1Ϫx Sr x CoO 3 .
In order to obtain a deeper insight into the chemical bonding behavior of LaCoO 3 we have given the angular momentum, site decomposed DOS in Fig. 3 . Here the Co 3d and O 2 p states are completely degenerate from the bottom of VB to E F . This supports also the strong covalent interaction between Co and O. As mentioned above, the calculated charge density in the ͑110͒ plane of LaCoO 3 ͓Fig. 7͑b͔͒ also show evidence of the covalence between Co and O. The inferred covalence in LaCoO 3 is consistent with recent photoemission and x-ray absorption spectroscopy measurements. 32 In the upper panel of Fig. 3 , the O 2s states are well separated from VB indicating that the O 2s electrons are not participating in the chemical bonding. In DOS for La, the peak structure ϳϪ15 eV arises from the pseudocore 5p states and are well separated from VB. Although the La 5p states are essentially localized from VB they show considerable dispersion ͑Fig. 3͒. In VB there is a negligible contribution coming from the La atoms ͑Fig. 3͒ indicating a nearly ionic situation for La. The sharp peak some 4 eV above E F originates from La 4 f states. In general the octahedral crystal field split the Co 3d states into t 2g and e g bands. Owing to the rhombohedral distortion their degeneracy is lifted ͑Fig. 3͒.
The ionic radius of Sr 2ϩ is larger than that of La 3ϩ . Hence, when La 3ϩ is replaced by Sr 2ϩ there will act a negative chemical pressure on the CoO 3 units. This chemical pressure increases primarily the degree of tilting of the octahedra and hence the Co-O-Co bond angles as well as the overlap interaction increase which in turn results in a lengthening of the Co-O bonds in order to compensate for the local repulsion between overlapping charge densities. The lobes of the t 2g orbitals point between the oxygen ligands ( bond͒, whereas those of the e g orbitals point directly at the ligands ( bond͒. Hence, with Sr substitution the overlap with O 2p orbitals will be greater for e g than t 2g orbitals. This may be the possible reason for why the e g states shift to the unoccupied region of DOS by Sr substitution. Moreover, since Sr doping is equivalent to hole doping the number of electrons contained in VB decreases with increasing of Sr concentration. This leads to a systematic shift of E F towards the lower energy region of DOS.
In order to understand the relative stability between various compositions of La 1Ϫx Sr x CoO 3 , we have computed the total energy of La 1Ϫx Sr x CoO 3 in the cubic and rhombohedral structures for the ferromagnetic as well as the nonmagnetic cases ͑Fig. 8͒. Now we can analyze the possible electronic origin of the stabilization of the nonmagnetic rhombohedral structure in LaCoO 3 . The total DOS of LaCoO 3 in the cubic, ferromagnetic and nonmagnetic phases is shown in Fig. 2͑b͒ . From this illustration it can be seen that the nonbonding t 2g electrons are piled up near E F in the cubic, nonmagnetic case. This is an unfavorable condition for stability since the one-electron energy increases with increasing concentration of electrons closer to E F . However, when we include spin polarization in the calculation the t 2g levels split in two parts. As this exchange splitting gives a gain in the total energy of the system, the ferromagnetic state becomes lower in energy than the nonmagnetic state ͑Fig. 8͒. So, if LaCoO 3 should occur as the hypothetical cubic phase, it would stabilize in the ferromagnetic state rather than the nonmagnetic state. However, in the cubic, ferromagnetic phase E F falls on a peak in the DOS curve as shown in Fig 2. Hence a Peierls-Jahn-Teller-like 65 instability arises and the system stabilizes in the lower symmetric rhombohedral structure. The Peierls-Jahn-Teller-like instability in the cubic phase accordingly arises from the orbital degeneracy of the e g state. For the ferromagnetic and nonmagnetic phases of rhombohedral LaCoO 3 , E F falls on the nonbonding 3d-like state in the ferromagnetic case and a pseudogap in the nonmagnetic case. Since the location of E F on the pseudogap gives extra contribution to the structural stability, 64 LaCoO 3 stabilizes in the nonmagnetic, rhombohedral structure.
C. Origin of ferromagnetism
Replacing La with Sr introduces hole states above the Fermi level and reduces the electron per atom ratio in LaCoO 3 . If we assume that the rigid-band-filling principle works in this case, the reduction in the electron per atom ratio is equivalent to shifting E F towards the lower energy side of DOS. As there is a sharp peak in DOS at the lower energy part closer to E F in nonmagnetic, rhombohedral LaCoO 3 , Sr doping enhances N(E F ). Hence the Stoner criterion ͓N(E F )IϾ1; I being the Stoner parameter͔ for band ferromagnetism will be fulfilled and ferromagnetism will appear.
Goodenough 50 has pointed out that the magnetic moment of 1.5 B in metallic La 0.5 Sr 0.5 CoO 3 can be rationalized with an intermediate-spin model having localized t 2g 5 configurations on each cobalt and an itinerant * band containing 0.5 electrons per Co atom magnetized ferromagnetically. From magnetization measurements in low magnetic fields Itoh et al. 66 found that there exist spin-glass (0Ͻxр0.18) and cluster-glass (0.18рxр0. 5) to Co 3d hybridization reduces the exchange splitting of the t 2g bands, resulting in a small reduction in the magnetic moment of La 1Ϫx Sr x CoO 3 compared with the pure ionic configuration. Our calculated magnetic moment per Co atom in SrCoO 3 is 1.843 B and this indicates that the IS configuration is more favorable than the LS and HS configurations at higher levels of Sr substitution.
From their experimental results Raccah and Goodenough 19 concluded that the Co 3d electrons are in a localized state in the La-rich region of La 1Ϫx Sr x CoO 3 , whereas they are collective and contribute to ferromagnetism in the Sr-rich region. Bhide et al. 22 measured the temperature dependence of Mössbauer spectra in the ferromagnetic region of iron doped La 1Ϫx Sr x CoO 3 (0рxр0.5) and reported that ferromagnetic Co clusters in the Sr-rich region coexist with paramagnetic cobalt clusters in La-rich regions in a given sample. In order to understand the magnetic properties of the cobalt ions in regions close to the Sr and La clusters, spin polarized Co 3d DOS for Co atoms closer to La and Sr are presented in Fig. 9 3 . As our calculated total magnetic moments ͑Fig. 5͒ are found to be in very good agreement with the low-temperature neutron-scattering measurements, we believe that the electrons contributing to magnetism in this material are of the itinerant-band, ferromagnetic character rather than of a localized nature.
D. Nonmagnetic to ferromagnetic transition
Magnetization measurements 24 indicate that the nonmagnetic-to-ferromagnetic transition appears in the composition range 0.05рxр0.15. In order to simulate this transition we have calculated the energy difference between nonmagnetic and ferromagnetic states of La 1Ϫx Sr x CoO 3 as a function of x using VCA calculations. According to Fig. 10 the nonmagnetic-to-ferromagnetic transition takes place at xϭ0.08 which is in good agreement with experimental findings. 24 Also the stabilization of the ferromagnetic phase for xϾ0.08 is in agreement with the paramagnetic behavior observed in the susceptibility for xϾ0.08.
14 Furthermore our calculations show that the nonmagnetic state is 0.084 eV f.u.
Ϫ1 lower in energy than the ferromagnetic state in LaCoO 3 . This is consistent with the experimental studies in the sense that the nonmagnetic state is the ground state for LaCoO 3 . For the cubic and the rhombohedral structures, the differences in total energy between the ferromagnetic and nonmagnetic phases obtained by supercell calculations are shown in Figs. 8͑a͒ and 8͑b͒, respectively. Figure 8͑b͒ places the nonmagnetic-to-ferromagnetic transition at xϭ0.11 which is in good agreement with the results obtained from VCA calculations. Hence, for xϾ0.08-0.11 the ferromagnetic phase is the energetically favored state as also confirmed experimentally 24 .
The possibility of an intermediate-spin state with Fermi energy between localized t 2g 5 and t 2g 6 states has been postulated by Raccah and Goodenough 19 for xϭ0.5 ͑found to be a metallic ferromagnet͒. From temperature dependent electrical resistivity measurements Thornton et al. 12 explained the semiconductor-to-metal transition by stabilization of an intermediate-spin state associated with a smooth transition from localized e g to itinerant * electrons for the Co ions. Self-energy-correction-included HF calculations 53 show that the LS-to-IS transition takes place in La 1Ϫx Sr x CoO 3 at x Ϸ0.08. It is interesting to note that the present calculations locate the nonmagnetic-to-ferromagnetic transition at the same composition ͑Fig. 10͒. This indicates that the nonmagnetic-to-ferromagnetic transition is associated with the spin-state transition in La 1Ϫx Sr x CoO 3 . For the rhombohedral structure ͑note that our calculated total energy for the spin-polarized case is higher in energy than the nonmagnetic case͒ our calculations gave a magnetic moment of 1.1 B f.u.
Ϫ1 for LaCoO 3 . This indicates that although the nonmagnetic state represents the ground state in LaCoO 3 , there exists a metastable solution with a magnetic moment of 1.1 B f.u.
Ϫ1 for this phase. It is worth recalling that the pronounced field dependence of the magnetic susceptibility of LaCoO 3 ceases at ϳ100 K. Also, the removal of the dramatic field effect already at the substitution level t ϭ0.01 in LaCo 1Ϫt Cr t O 3 supports the existence of closely spaced energy levels which are easily modified by small amounts of paramagnetic substituents. 69 The self-energycorrected HF calculations 53 calculated magnetic moments obtained from the supercell and VCA calculations are mutually consistent ͑Fig. 5͒. This indicates the VCA approach is reliable to predict magnetic properties of transition metal oxides with hole doping. Furthermore, it should be noted that the magnetic moment obtained from low-temperature magnetization measurements 70 is always lower than those obtained from the theoretical calculations as well as from neutron-scattering measurements ͑Fig. 5͒. More recent saturation magnetization measurements 43 for xϭ0.3 at 4.2 K gave a moment of about 1.7 B ͑Co atom͒ Ϫ1 . This indicates that the deviation between moments obtained from the magnetization measurements and the present theoretical study ͑Fig. 5͒ may be due to experimental errors. However, a discrepancy between experiment and theory above xϾ0.5 can be expected, because the oxygen deficiency is known to increase above xϷ0.5, in particular if the samples are not prepared under a high oxygen pressure. 25, 26 The magnetic moments obtained for xϭ0. 2 43 The increasing trend in the magnetic moment as a function of Sr doping is mainly caused by the narrowing of the bands due to the increase in volume 43 ͑Fig. 4͒. The experimentally established 25 Curie temperature (T C ) increases monotonously with increasing x and reaches a maximum at x ϭ0.7, whereafter it decreases linearly with increasing x in the range 0.8рxр1.0. 25 Our calculated magnetic moment as a function of x ͑Fig. 5͒ increases linearly with x indicating that the decrease in T C for xϾ0.7 may be associated with the formation of oxygen vacancies.
In general one expects that the calculated magnetic moment for SrCoO 3 should be higher than that obtained experimentally. Since La 1Ϫx Sr x CoO 3 in practice will have oxygen deficiency at higher Sr substitution, 71 one must expect a lowering of the magnetic moment ͓the magnetic moment in SrCoO 3Ϫ␦ vary from ϳ0. 
V. SUMMARY
We have made detailed investigation of the role of hole doping on electronic structure and magnetic properties of LaCoO 3 using supercell approach as well as VCA calculations. We have inferred the following.
͑1͒ Our calculations show that the nonmagnetic state is the ground state for LaCoO 3 in agreement with experimental observations.
͑2͒ We have identified strong covalent interactions between Co and O within the CoO 6 octahedra and ionic bonding between La and these building units in LaCoO 3 .
͑3͒ The density functional calculations with gradient corrections fails to predict the narrow bandgap semiconducting behavior. Instead it predicts a pseudogap at E F .
͑4͒ The rhombohedral distortion in the nonmagnetic cubic phase is originating from Peierls-Jahn-Teller-type instability.
͑5͒ The nonmagnetic to ferromagnetic transition in La 1Ϫx Sr x CoO 3 takes place around xϭ0.08 in the VCA calculations and xϭ0.11 in the supercell calculations. These values are in good agreement with the experimentally reported values ͑for xϭ0.05 to 0.15͒.
͑6͒ The calculated magnetic moments are found to be in good agreement with the experimental values, suggesting that the magnetic properties of La 1Ϫx Sr x CoO 3 can be explained through itinerant-band ferromagnetism.
͑7͒ Present results indicate that the formal Co 4ϩ in La 1Ϫx Sr x CoO 3 are closer to the IS configuration rather than to LS or HS configuration.
͑8͒ The calculations suggest that the possible spin state transition induced in LaCoO 3 by hole doping is from LS to IS rather than from LS to HS or from LS to a mixed LS and HS state.
